ABSTRACT: Mass density, sinking speed and hatching success of eggs in Calanus euxinus, Acartia clausi and A. tonsa have been examined in response to salinity and temperature of the Marmara and Black Seas. Eggs of C. euxinus from the Marmara and Black Sea populations (mean mass density of 1.036 to 1.040 g cm -3
INTRODUCTION
Environmental parameters such as salinity and temperature have been considered as the main factors affecting temporal and spatial distribution patterns of copepods (Conover 1956 , Miller & Marcus 1994 , Mauchline 1998 .
The Marmara and Black Seas are characterized by different salinity and temperature regimes. Upper layers of the Marmara Sea (~0 to 20 m) are formed by the Black Sea water with a salinity of 18 to 22 psu and temperature ranging from 20-24°C in summer to 8-9°C in winter, while the Mediterranean Sea water with constant salinity of 38.5 psu and temperature of ~15°C lies deeper than 30 to 40 m (Kocatas et al. 1993) . The salinity gradient in the 20 to 30 m thick layer of the Marmara Sea reaches 20 psu. On the contrary, in the Black Sea, salinity changes slightly from 18 psu near the sur-face to 22 psu at depths >150 m. However, due to a permanent cold intermediate layer (6 to 8°C), a pronounced temperature gradient (up to 16°C) occurs at depths of 20 to 30 m during the warm season, i.e. summer (Vinogradov et al. 1992) .
Copepods Calanus euxinus, Acartia clausi and A. tonsa are the key species in the Black Sea. C. euxinus is a cold-water perennial species inhabiting principally deep regions of the Black Sea (Vinogradov et al. 1992) . The eurythermic copepod A. clausi occurs throughout the year in shallow coastal waters of the Black Sea (Kovalev et al. 1998) . A. tonsa, a nearshore species (Paffenhöfer & Stearns 1988 , Tester & Turner 1991 that was introduced in the Black Sea with ship ballast waters in the 1970's (Gubanova 1997) , develops in May (when water temperature reaches 15°C) and can be found in the innermost area of the bays until December (Gubanova 2000) .
The Black Sea copepods penetrate into the Marmara Sea through the Bosphorus Strait. According to Svetlichny et al. (2010) , an euryhaline sub-population of Calanus euxinus inhabiting both upper brackish and deep, high-saline layers is formed in the north-western Marmara Sea from stenohaline specimens recruiting from the Black Sea. Due to acceleration of the development of this species at the high temperature and salinity of the Marmara Sea, small-sized pre-adults and adults without large lipid reserves, which are typical for the Black Sea C. euxinus, occur in this area (Isinibilir et al. (2009) . Hubareva et al. (2008) showed that the Black Sea Acartia clausi transferred into the Marmara Sea did not survive after gradual salinity increase from 18 to 30 psu. These authors reported about the dramatic decrease in the abundance of A. clausi in the Marmara Sea, in comparison to the Black Sea, due to mass mortality (up to 66%) of copepodites and adults in the salinity gradient layer. On the contrary, adult A. tonsa were alive after salinity increase from 18 to 39 psu. However, the abundance of this species also decreased sharply in the direction from the Black Sea toward the Marmara Sea. A similar phenomenon was reported by Cervetto et al. (1999) for the northern Mediterranean, near Marseille (France). In their study, A. tonsa from the brackish waters of the Berre Lagoon (10 to 12 psu) were tolerant to high salinity (35 to 38 psu) for several days but were absent from the neighboring Gulf of Fos (35 to 40 psu). In the Mediteranean area, A. tonsa were found also in the lagoons of the northern and southern Adriatic Sea (Farabegoli et al. 1989 , Sei & Ferrari 2008 and Sardinian lagoon (Zagami & Guglielmo 1990) . Isolated individuals of A. tonsa were found in the bays of the southern coast of Turkey (Uysal et al. 2002) . According to Brylinski (1981) , A. tonsa occur in European waters of estuarine type characterized by a lower salinity and a higher temperature than the adjacent off-shore waters. Hubareva et al. (2008) suggest that this phenomenon may be connected with a low salinity tolerance of the juvenile stages of Acartia tonsa. In fact, a number of studies have shown that young stages are more sensitive and, consequently, have narrower survival limits than adult copepods (Nagaraj 1988 , Villante et al. 1993 . Tester & Turner (1991) showed that survival of A. tonsa nauplii decreased rapidly at salinities > 25 psu and temperatures < 20°C. In the experiments of Holste & Peck (2006) , the eggs did not hatch within 168 h when incubated at temperatures <10.5°C. CastroLongoria (2003) found no hatching success at either 10 or 5°C after 6 d of incubation. Only a few nauplii of A. tonsa from 309 eggs laid were observed at 6°C during the experiment of Pedersen (2005) . According to Hansen et al. (2010) , in non-acclimatized A. tonsa, hatching success sharply reduced down to 34.4% when temperature decreased to 9°C and was high (~90%) when females were reared at low temperature. This may explain why warm-water A. tonsa can develop all year round in the Adriatic lagoons where the temperature decreases down to 7°C in winter (G. Belmonte pers. comm.).
In free-spawning copepod species like Calanus and Acartia, mass density of eggs is higher than water density (Salzen 1956 , Miller & Marcus 1994 , Tang et al. 1998 , Knutsen et al. 2001 ; during embryonic development, eggs may descend to a depth of a few tens of meters (Landry 1978 , Uye 1980b , Sazhina 1987 , Roman et al. 1993 , Miller & Marcus 1994 , aggregating sometimes lower than the layers of inhabitance of females (Williams et al. 1987) . Sinking of copepod eggs may decrease predatory pressure and cannibalism on eggs and young nauplii (Daan et al. 1988 , Ohman & Hirche 2001 , Bonnet et al. 2004 ). However, sinking of eggs in environmental gradients may affect their survival because salinity and temperature can have a direct effect on the hatching success of copepod eggs (Uye & Fleminger 1976 , Drillet et al. 2008 , Ohs et al. 2009 , Hansen et al. 2010 .
Estimation of sinking speed of copepod eggs based on mass density has rarely been reported in the literature (Salzen 1956 , Marcus & Fuller 1986 , Miller & Marcus 1994 , Knutsen et al. 2001 . Similar studies on eggs of the Black Sea copepods have not been conducted and little is known about their salinity and temperature tolerance during the embryonic period.
The aim of the present study was to estimate the sinking speed of Calanus euxinus, Acartia clausi and A. tonsa eggs throughout the salinity gradient of the Marmara Sea and the temperature gradient of the Black Sea, and to examine potential effects of sharp increase in salinity and decrease in temperature on survival of eggs of these species.
MATERIALS AND METHODS
Copepod sampling. Adult Calanus euxinus were collected during daytime using a Nansen net (opening  diameter: After sampling, adult females of Calanus euxinus, Acartia clausi and A. tonsa were sorted using a widemouth pipette and incubated in 1.0 l aquaria (not more than 20 individuals for Calanus or 50 for Acartia, respectively) filled with 0.45 µm-filtered natural seawater (18-22 and 17-18 psu for the specimens from MP and BSS, respectively) with an excess of food (dinoflagellate Prorocentrum minimum for C. euxinus and diatom Thalassiosira weissflogii for A. clausi and A. tonsa). For the experiments with C. euxinus collected at MP, we selected only small-sized (prosome length: 1.9 to 2.2 mm) females (see Isinibilir et al. 2009 , Svetlichny et al. 2010 . For the experiments with C. euxinus collected from the upper layers in the Bosphorus area (near Istanbul), we selected large females (prosome length: 2.5 to 2.8 mm). The females of C. euxinus sampled at BSS were used without size selection. We did not conduct similar selection for A. clausi because we found no regional differences in body length for this species.
The aquaria with Calanus euxinus were kept at 8°C in the dark, and the aquaria with Acartia were maintained in a constant temperature room at 20 ± 1°C under a natural light:dark cycle and continuously aerated by blowing air on the top.
Experimental set-up. The day after sampling 20 to 30 females of Calanus euxinus or 30 to 50 females of Acartia clausi and A. tonsa, they were transferred in 3 to 5 crystallizing dishes containing 200 ml of 0.45 µm filtered seawater and kept for 1 h at 20°C. After that, all eggs laid by copepod females were collected.
Two types of experiments were conducted to investigate the effect of salinity on Calanus euxinus egg hatching success. To simulate salinity changes during descending of C. euxinus eggs laid in the upper layers across salinity gradient of the MP, at least 80 freshly spawned eggs were placed into 5 replicate crystallizing dishes containing 10 ml of filtered seawater at 20 ± 1°C and underwent gradual salinity increases from 17-18 to 38-39 psu (in BSS females) and from 22 to 38-39 psu (MP females) at a rate of 1.5 psu h -1 , and, additionally, from 22 to 38-39 psu at a rate of 0.7-5.7 psu h -1 (to study the effect of rate of salinity changes on hatching success of the MP specimens) by substituting the Black Sea water for high-saline water. We obtained seawater with high salinity by mixing water from surface (22 psu) and deep (38-39 psu) layers of the Marmara Sea or adding artificial sea salt to the Black Sea water (17-18 psu). Water salinity was measured by a HACH conductivity meter 'SensIon 5' using Practical Salinity Scale. The duration of the experiment and rate of salinity change were determined based on the expected time of transport of eggs across the salinity gradient of the Marmara Sea (10-15 m) and taking into account that in the Black Sea at 8 to 18°C, egg sinking speed in C. euxinus amounted to 0.9-1.8 m h -1 and embryonic development time took no less than 1 d (Sazhina 1987) . During each experiment, 10 to 20 eggs (from the total number of ~80 eggs) were kept at 20°C in seawater of initial salinity of 17-18 and 22 psu (for the experiments with BSS and MP specimens, respectively); the rest of the eggs, after a gradual salinity increase, were maintained at terminal (39 psu) and several (3-5 psu) intermediate salinities. We monitored the development of eggs up to the hatch or decomposition, for 3 d.
To simulate salinity changes experienced by Acartia clausi and A. tonsa eggs during their descending from the upper brackish layer to the deep high-saline layer of the Marmara Sea, about 30 newly spawned eggs (removed 25 to 30 min after spawning) were put into 5 replicate crystallizing dishes containing 3 ml of filtered seawater. Crystallizing dishes were kept at 20°C during ~20 h without the covers in order to increase the salinity from 17-18 psu (for the BSS A. clausi and A. tonsa) or 22 psu (for the MP A. clausi) to 39 psu by evaporating the water. The salinity was measured using a hand refractometer RHS-10ATC. The duration of salinity changing (20 h) corresponds to embryonic development time of these species at 20°C (Pedersen 2005 , Uye 1980a ). During this time, sinking eggs of A. tonsa can cover the distance of ~15 m (Miller & Marcus 1994) conforming to the thickness of the halocline layer in the Marmara Sea. At 7°C the duration of salinity changing by evaporation was 48 h.
To study the influence of low temperature on hatching success in Acartia clausi and A. tonsa, the eggs of these species placed into crystallizing dishes were gradually cooled from a temperature of 20°C down to 7°C during 10 h. To obtain cumulative effect of temperature and salinity on hatching success in A. clausi and A. tonsa, the eggs were exposed to simultaneous decrease in temperature and increase in salinity by water evaporation. Hatching success was determined by counting the number of nauplii and unhatched eggs during an incubation period of 2 d at 20°C and 6 d at 7°C, which corresponded with the time needed to obtain the maximum hatching success in the eggs of non-acclimatized females of A. tonsa at close temperatures (Hansen et al. 2010) . At termination of the experiment at 7°C, the non-hatched eggs were transferred to 20°C and observed during 48 h to test their viability.
To examine the effect of temperature on nauplii of BSS Acartia tonsa, we counted the number of actively swimming and immobile individuals during 1 d after their birth from eggs laid at low salinity (18 psu) and temperatures of 6, 8, 15, 23 and 24°C. Eight to 10 freshly born active nauplii were transferred to 2 ml crystallizing dishes placed into a thermostatically controlled chamber and frequency and distance of horizontal jumps from initial and final position were registered under the dissecting microscope at a magnification of 16 × using a digital camera, DCM 500. The parameters of locomotion of 1 d old nauplii were expressed as the means obtained from 5 trails of 1 min for each nauplius during 1 h.
Measurements of sinking speed and mass density. Sinking speed and mass density of eggs obtained from Calanus euxinus females collected in MP, MB and BSS were studied at a temperature of 21.1 to 21.9°C and salinity of 16.8 to 18.7 psu. Mass density of Acartia clausi and A. tonsa eggs were examined only in the Black Sea at a temperature of 24.2 to 25.5°C and a salinity of 16.5 to 17.2 psu. Newly spawned eggs collected from several females were put in crystallizing dishes of 200 ml. Before the sinking speed measurement, the eggs were acclimatized to the conditions of the experiment during 3 to 4 h.
To determine sinking speed of copepod eggs, individual eggs of Calanus euxinus or batch of eggs of Acartia clausi and A. tonsa were transferred, using a pipette, into a 20 cm long graduated glass tube (Ø: 1 cm) filled with filtered seawater of given density and temperature. To minimize the effects of water convection, the tube was completely submerged in a cylinder (Ø: 3 cm) with water of constant temperature agitated by a pump. Sinking speed of eggs was monitored using a binocular microscope focused on the central axis of the tube. We have found previously (Stepanov & Svetlichny 1981 ) that the walls of a vessel can affect the speed of sinking of copepods if the individual is near the wall (closer than 10 body lengths). Therefore we discarded data when the distance between the eggs and the walls of the vessel was less than 1 to 2 mm.
The eggs of studied species from the Calanus and Acartia genera have a spherical form (Belmonte 1998) and their Reynolds numbers (Re) during their sinking were much less than 0.4 (maximum values of Re amounted to 0.14 and 0.016 for C. euxinus and A. tonsa, respectively). Consequently, mass density of copepod eggs (ρ, g cm -3
) was determined from sinking speed (v, cm s -1 ) following the Stokes equation (Happel & Brenner 1965) : ρ = (3πd ν + ρ w gV ) /gV, where ν is the kinematic molecular viscosity (cm 2 s -1 ), d is the egg diameter (cm), ρ w is the corresponding density of the seawater (g cm -3
), while g is the acceleration due to the gravity, 981 cm s -2 , and V is the egg volume calculated as V = πd 3 /6. The density of seawater was calculated taking into account the temperature (measured with the accuracy of 0.1°C) and salinity (determined by a Conductivity Probe SensIon 5 having an accuracy of 0.1 psu) using the Oceanological calculator 2.1 by V. S. Arhipkin. Egg diameters were measured in a subsample of 40 to 80 eggs under a compound microscope at 400 ×. In A. tonsa, the diameters of eggs were measured without taking into account thin and short (~2 µm) surface spines.
For statistical analysis of the data, 1-way ANOVA and the Student's t-test were used. Average values presented in the text and figures are means ± SD.
RESULTS

Diameter, sinking speed and mass density of Calanus euxinus eggs from the Black and Marmara Seas
For eggs laid by small females (prosome length of 1.9 to 2.2 mm) collected in December 2006 at MP (surface temperature and salinity of 12°C and 22 psu, respectively), and eggs laid by large females (prosome length of 2.6 to 2.7 mm) collected in February 2007 at MB (surface temperature and salinity of 8°C and 19 psu, respectively) and at BSS (8°C and 18 psu), the modal intervals of egg diameter amounted to 172-180 µm (Fig. 1) . Minimum egg diameters of females from the Black and Marmara Seas were also similar (~168 µm), while maximum egg diameter in the Black Sea Calanus euxinus (195 µm) was higher than that in large females collected at MB (188 µm) and small females collected at MP (182 µm). Average diameters of eggs laid by C. euxinus females collected at MP (174.8 ± 2.9 µm) was significantly (p < 0.01) lower than those of eggs laid by females collected at BSS (179.2 ± 5.6 µm).
Mean sinking speed of eggs laid by females captured at MP at a temperature of 21.1 to 21.2°C and salinity of 18.7 psu (0.036 ± 0.01 cm s ). However, mean mass densities did not differ significantly (1.036 ± 0.006 and 1.040 ± 0.006 g cm -3
, respectively).
Diameter and mass density of eggs in Acartia clausi
and A. tonsa from the Black Sea
Diameter of eggs in Acartia clausi and A. tonsa (measured without spines) amounted to 69-78 and 74-83 µm, respectively (Fig. 2) . Mass density of eggs in A. clausi at a salinity of 16.5 to 17.2 psu and temperature of 24.2 to 25.5°C varied in limits of 1.036 to 1.055 g cm -3 with a mean value of 1.044 ± 0.005 g cm -3
. In A. tonsa, egg mass densities at the same salinity and temperature stayed between 1.048 and 1.075 g cm -3 with a mean value of 1.062 ± 0.007 g cm -3
. Effect of salinity on hatching success of eggs laid by Calanus euxinus from the Black and Marmara Seas at low salinity During the gradual salinity increase from 17-18.7 to 37-39 psu at a rate of 1.5 psu h -1 , the eggs from the Black Sea females died at salinities > 30 psu, in contrast to the eggs produced by the Marmara Sea females at the same salinity increase speed (Fig. 3A) .
The salinity increase from 21.8 to 29-30 psu did not affect the hatching success (97 ± 4%) of eggs from the Marmara Sea small females, whilst after a further salinity increase up to 39 psu at a rate of 1.5 psu h -1 , egg hatching success decreased to 47 ± 11%. Hatching success of these eggs after a salinity increase to 39 psu strongly (r 2 = 0.92) depended on the salinity changing rate (Fig. 3B ) ranging from 100% (at a rate of 0.7 psu h -1 ) to 33% (at 5.7 psu h -1 ).
In the salinity range of 30 to 39 psu, the eggs of Calanus euxinus became wrinkled due to loss of water. However, after a long term high salinity exposition (up to 2 d), the eggs that survived recovered their regular spherical shape indicating the ability of eggs to absorb seawater. Although at ~20°C the development time of Calanus eggs usually amounts to ~1 d, in our experi- 
Effect of salinity and temperature on hatching success of eggs laid by Acartia clausi from the Marmara and Black Seas and A. tonsa from the Black Sea
At 20°C and 22 psu, the hatching success of eggs laid by Acartia clausi collected in the upper layers of the Marmara Sea near the Prince Islands (24.6°C, 22 psu) amounted to 84.2 ± 14.9%. At 38.5 psu, the hatching success of eggs laid by the same females (Fig. 4) was also high both at 20°C (51.4 ± 29.5%) and 7°C (73.6 ± 10.5%). In A. clausi collected in the Black Sea at 25.5°C and after a salinity increase from 18 to 39 psu, the egg hatching success decreased dramatically from 80 ± 12 to 7.5 ± 3.5% (at 20°C) and from 84 ± 8 to 6.7 ± 2.7 (at 7°C). In A. tonsa collected at 26°C, the egg hatching success at 20°C and 18 psu (77.7 ± 18.5%) was significantly higher (p < 0.01) than that at 7°C and 18 psu (46.7 ± 21.5%) and 7°C and 39 psu (10.2 ± 4.7%). At termination of the experiment conducted at 7°C during 6 d, the remaining eggs were transferred to 20°C to hatch. After 48 h at high temperature, all the non-hatched eggs decayed. 
Effect of temperature on moving activity of newly hatched nauplii of Acartia tonsa
If incubated at 6 to 8°C, 40 to 60% of newly hatched nauplii of Acartia tonsa were immobile with weakly moving limbs. Active nauplii performed ~20 jumps min -1 , which allowed them to move horizontally with mean swimming speed of 0.0035 ± 0.0020 and 0.0099 ± 0.0068 cm s -1 at temperatures 6 and 8°C, respectively. In the range of 15 to 24°C, almost all the nauplii were active. The frequency of jumps and the mean swimming speed of nauplii at 24°C reached 122.4 ± 17.4 jumps min -1 and 0.16 ± 0.05 cm s -1 , respectively (Fig. 5) .
DISCUSSION
Diameter and mass density of copepod eggs
Diameter and mass density in free spawned eggs of copepods affect their sinking speed and vertical distribution in the sea water column. According to our results, diameters of eggs laid by Calanus euxinus females from the Marmara and Black Seas amounted to 168-182 and 168-195 µm, respectively . These values are close to egg diameter of the cogeneric species C. helgolandicus from the English Channel reported as 165-180 (Marshall et al. 1953 ), 150-185 (Guisande & Harris 1995 and 161-178 µm (Poulet et al. 1995) , but significantly higher than egg diameter (163 ± 0.4 µm) in C. helgolandicus from the water off the coast of North West Spain (Ceballos et al. 2004 ).
Hence, genetic differences between the Black Sea Calanus euxinus and mother species C. helgolandicus from the Northern-east Atlantic and Adriatic Sea are exceedingly subtle (Papadopoulos et al. 2005 , Unal et al. 2006 ) that we may consider their populations as geographic variations of one species. Fleminger & Hulsemann (1987) reported that the prosome length of Calanus helgolandicus females from the Mediterranean Sea was much lower than that of C. euxinus from the Black Sea. Average prosome length in females collected from the Ionian Sea near Taranto during the present study in March 2009 (unpubl. data) amounted to 2.16 ± 0.14 mm and average diameter of eggs laid by these females was 162 ± 11 µm. However, despite the fact that prosome lengths in females from the Marmara Sea (2.01 ± 0.04 mm) were lower than those from the Ionian, the diameters of eggs laid by them (174.8 ± 2.9 µm) were significantly (p < 0.001) higher than those of females from the I onian Sea and close to egg diameters from the Black Sea population (179.2 ± 5.6 µm). This phenomenon and the fact that mean mass density of eggs laid by the Marmara Sea (1.036 ± 0.006 g cm -3
) and the Black Sea (1.040 ± 0.006 g cm -3
) females did not differ significantly (p > 0.05) are in agreement with our suggestion about the origin of the Marmara Sea C. euxinus from the Black Sea population (Isinibilir et al. 2009 ). Gross & Raymont (1942) reported that the density of Calanus finmarchicus eggs constituted 1.045 to 1.049 g cm -3
. In their study, an egg diameter was equal to 190 µm, whilst that parameter for C. finmarchicus amounted to 135 ± 4 µm (Salzen 1956 ). Therefore, Salzen (1956) suggested that the eggs studied by Gross & Raymont belonged to another species. Nevertheless, egg densities obtained by Gross & Raymont (1942) slightly exceeded those in C. euxinus.
In the experiments of Salzen (1956) at 22°C and a salinity of 35 psu, mass density of Calanus finmarchicus eggs was equal to 1.074 ± 0.002 g cm -3
. Knutsen et al. (2001) found that for 2 ecological groups of C. finmarchicus living in the Barents Sea at 34.5 to 35 psu and ~0°C, mean mass density of eggs amounted to 1.0639 and 1.0812 g cm -3 , respectively, while for C. glacialis, that parameter was equal to only 1.0556 g cm -3
. Higher mass density of eggs in these species in comparison with the Black Sea C. euxinus seems to be due to higher salinity of oceanic water. Miller & Marcus (1994) reported that salinity strongly affected egg mass density. It was shown that at 20°C mass density of Acartia tonsa eggs spawned at 31 and 15 psu amounted to 1.087 and 1.066 g cm -3 , respectively. In our experiments at 24.2 to 25.5°C, we found a close mean mass density of 1.062 ± 0.007 g cm -3 for eggs of the Black Sea A. tonsa laid at 16.5 to 17.2 psu. 
Sinking of Calanus euxinus eggs in the salinity gradient of the Marmara Sea
Calanus euxinus lay the majority of eggs during the nighttime (Sazhina 1987) . In the Black Sea at night, C. euxinus females are usually located in the upper layers while, in daytime, they occur in the deep strata. However, in the Marmara Sea we found high numbers of C. euxinus females in brackish subsurface layers during daytime. The individuals of the Black Sea C. euxinus transferred into the Marmara Sea to avoid high-saline layers and aggregate in the upper layers (Svetlichny et al. 2010) . Therefore, the eggs laid by females from the Black Sea in brackish (18 to 20 psu) subsurface layers of the Marmara Sea should descend to salinity gradient strata or even to a deep, high-saline (38.5 psu) zone.
The depth of sinking for eggs laid in subsurface layers and near the salinity gradient was calculated taking into account typical summer and winter vertical distribution of viscosity and conditional density of water in the Bosphorus region of the Marmara Sea (Kocatas et al. 1993 , Balkis 2003 , Tarkan et al. 2005 ) (Fig. 6) .
To simplify the calculation, we made the following assumptions: (1) Egg sinking speed calculated in accordance with Stokes law was expressed as v = gd 2 (ρ -ρ w )/24η (Stepanov & Svetlichny 1981) , where is the acceleration due to the gravity, 981 cm s 2 , d is the diameter of eggs (cm), ρ is the mass density of eggs (g cm -3
), ρ w is the density of the seawater (g cm -3
), η is the dynamic molecular viscosity of the seawater (dyne s cm (Corkett et al. 1986 ), where T is the mean temperature in the water column during egg sinking.
According to our estimation (Fig. 7) , the eggs laid in low-saline layers of the Marmara Sea would descend to high-saline strata of the Mediterranean water in every season. In winter, the eggs can sink down to the depth of 34 to 35 m for 32 to 48 h. Calanus euxinus eggs go through the layer of 23 to 31 m with maximum salinity gradient (25 to 37 psu) during ~10 h. Mean salinity changing rate in this layer is 1.2 psu per every hour of sinking. In summer, the depth of egg descending may be lower (28 to 30 m) due to shorter development time (29 to 32 h). However, in this case, C. euxinus eggs should undergo more pronounced salinity increase than in winter. The eggs go through the layer of 15 to 22 m with the salinity gradient of 24 to 37 psu during 8 h (mean salinity rate of 1.6 psu h -1
) and experience severe salinity changes from 30 to 37 psu for 3 h in 20 to 22 m strata (mean salinity rate of 2.3 psu h -1 ). Consequently, according to our estimation, the eggs of C. euxinus laid in the upper layers of the Marmara Sea should undergo salinity increases at a rate of ~1.2 to 2.3 psu h -1 during their sinking. In laboratory experiments, all eggs of the Black Sea females died after gradual salinity increase from 18 to 39 psu at a rate of 1.5 psu h -1 , in contrast to the eggs from the Marmara Sea females collected in deep high-saline layers (Fig. 3A) . The hatching success of these eggs was 35% even after salinity changed at a rate of ~6 psu h -1 . Probably, the death of eggs from non-acclimatized females from the Black Sea at high salinity may have been the result of osmotic effects during hatching process. According to Marshall & Orr (1972) and Davis (1959) , nauplii burst out from eggs after cracking the outer membrane due to a sharp increase of pressure inside the inner case. The pressure increase seems to be caused by active absorption of water through the inner membrane. This suggestion may be confirmed by the increase in respiration rate of eggs at the hatching time (Nielsen et al. 2007 ). In our experiments during gradual salinity increase from 17 to 39 psu, the eggs of Calanus euxinus from the Black and Marmara Seas lost water and shrank. When the nauplii were about to exit, the volume of eggs restored. On the contrary, the eggs of non-acclimatized to high salinity C. euxinus from the Black Sea could not reconstruct their form, or the nauplii developed inside these eggs were unable to rupture the outer membrane under high osmotic pressure. However, low salinity tolerance of eggs of the Black Sea females that were not acclimatized to high salinity does not contradict with the conclusion about the Black Sea origin of C. euxinus population in the Marmara Sea (Isinibilir et al. 2009 ) because after parental acclimation to high salinity during 5 d, the tolerance range in C. euxinus eggs increased (Svetlichny et al. 2010 ). 
Hatching success and sinking of eggs of Acartia clausi and A. tonsa in the Black and Marmara Seas
Acartia clausi occur in the Black and Marmara Seas all year round. In our experiments, decrease in temperature from 20 to 7°C and increase in salinity from 22 to 39 psu did not affect hatching success of eggs of A. clausi from the high-saline Marmara Sea. However, a salinity increase from 18 to 39 psu resulted in significant decrease (up to 3-10%) in egg hatching success of the low-saline Black Sea A. clausi. Probably, in eggs of the Marmara Sea A. clausi widening of salinity tolerance range may be due to high salinity parental acclimatization. On the contrary, the hatching success of subitaneous eggs of A. tonsa was high in the range of 18 to 39 psu being strongly affected by differences in temperature (Fig. 4) , confirming the results of Hubareva et al. (2008) who observed a low tolerance to high salinity in A. clausi females from the Black Sea, in contrast to A. tonsa.
In the Marmara and Black Seas, the salinity and temperature gradient layers are located sufficiently near the surface (15 to 20 m), therefore, for epiplanktonic Acartia, the probability that eggs sink to these strata is high.
We estimated possible depth of sinking of subitaneous eggs laid by Acartia clausi and A. tonsa in subsurface layers at 18 psu and different temperatures in the range of 5 to 25°C based on mass density (1.062 and 1.047 g cm The sinking speed of subitaneous eggs in Acartia tonsa was 1.5-fold higher than that in A. clausi at all temperatures (Fig. 8A) . At 20 to 25°C, embryonic development time amounted to 0.8-1.3 d in both species (Fig. 8B) . However, at 10°C, embryonic development time for A. tonsa was 2.2-fold higher than that for A. clausi. As a result, the sinking depth of eggs (until hatching of nauplii) in A. tonsa increased from 13 m at 25°C to 72 m at 10°C, while that in A. clausi did not exceed 32 m even at 5°C (Fig. 8C) .
In the Black Sea, Acartia tonsa develop at temperatures >15°C (Gubanova 2000) in shallow (10 to 20 m) bays where the water warms up from the surface to the bottom. At such temperatures, a large proportion of subitanious eggs spawned by A. tonsa could settle to the seabed before hatching. The potential influence of bioturbation, storms and current flow on the distribution of diapausing eggs on the sea bottom and their release from the sediments was discussed by Marcus (1984) . However, little is known about hatching of subitanious eggs on the seabed. Probably, above-mentioned factors may result in translocation of subitanious eggs from the sediment surface to deeper strata. Moreover, the eggs of A. tonsa with spines can attach to the drifting material to stay in the water column.
In the deep regions of the Black Sea, the main part of Acartia tonsa eggs could descend to the cold intermediate layer (6 to 8°C). In our study, at such temperature, the hatching success of eggs was decreased to 50%, and hatched nauplii were immobile or moved horizontally with the speed of 0.0035 to 0.01 cm s -1 . Titelman & Kiørboe (2003) found that sinking speed in early naupliar stages of Acartia tonsa amounted to 0.013 cm s -1 at 18°C. According to Svetlichny (1983) , sinking speed of small copepods was proportional to dynamic viscosity of the seawater η -n with n = 1. At 8°C, η is 1.3-fold higher than that at 18°C. Consequently, sinking speed of nauplii at 8°C should bẽ 0.01 cm s . Titelman & Kiørboe (2003) reported that at 18°C the swimming speed of early naupliar stages in A. tonsa was equal to 0.39 cm s -1 , 30-fold higher than their sinking speed.
Probably, a high sinking speed of eggs and a low swimming activity of hatched nauplii in cold water (~8°C) are the reasons of low numbers of this species in the off-shore regions during the period of temperature stratification in the Black Sea. Our suggestion agrees with the fact that nauplii of Acartia tonsa do not survive at 5°C (Chinnery & Williams 2004 ) and even at 10°C (Tester & Turner 1991) . In the Marmara Sea, descending Acartia tonsa eggs from warm (20 to 25°C) and brackish (18 to 22 psu) to colder (15°C) and high-saline (39 psu) layers may suppress the development of this species. In our experiments, minimum egg hatching success (10.2 ± 4.7%) in A. tonsa was recorded after simultaneous influence of low temperature and high salinity (Fig. 4) . Tester & Turner (1991) showed that at the salinity higher than 20 to 25 psu, survival of nauplii of A. tonsa decreased sharply. This may be the reason of the dramatic decrease in the abundance of that species in the Bosphorus area in the direction from the Black Sea to the Marmara Sea (Svetlichny et al. 2006 ). According Svetlichny et al. (2006) 
